It has repeatedly been shown that aryl-hydroxylating dioxygenases do not possess a very high substrate specificity. To gain more insight into this phenomenon, we examined two powerful biphenyl dioxygenases, the well-known wild-type enzyme from Burkholderia xenovorans LB400 (BphA-LB400) and a hybrid enzyme, based on a dioxygenase from Pseudomonas sp. B4-Magdeburg (BphA-B4h), for their abilities to dioxygenate a selection of eight biphenyl analogues in which the second aromatic ring was replaced by aliphatic as well as aliphatic/aromatic moieties, reflecting a variety of steric requirements. Interestingly, both enzymes were able to catalyse transformation of almost all of these compounds. While the products formed were identical, major differences were observed in transformation rates. In most cases, BphA-B4h proved to be a significantly more powerful catalyst than BphA-LB400. NMR characterization of the reaction products showed that the metabolite obtained from biphenylene underwent angular dioxygenation, whereas all other compounds were subject to lateral dioxygenation at ortho and meta carbons. Subsequent growth studies revealed that both dioxygenase source strains were able to utilize several of the biphenyl analogues as sole sources of carbon and energy. Therefore, prototype BphBCD enzymes of the biphenyl degradative pathway were examined for their ability to further catabolize the lateral dioxygenation products. All of the ortho-and meta-hydroxylated compounds were converted to acids, showing that this pathway is quite permissive, enabling catalysis of the turnover of a fairly wide variety of metabolites.
INTRODUCTION
Dioxygenation of the aromatic ring constitutes the first step in the aerobic bacterial catabolism of aromatic compounds (Furukawa, 2000) . It destroys the aromatic system and functionalizes the molecule for further degradation (Fig. 1 ). This reaction is catalysed by aryl-hydroxylating dioxygenases (ARHDOs). Typically, these initial pathway enzymes mainly determine the substrate range for the metabolic route (Cámara et al., 2007; Furukawa et al., 1993; Zielinski et al., 2006) , which often enables the micro-organism to utilize the respective aromatic compound as growth substrate.
The enzymic dioxygenation of aromatic compounds is also of considerable synthetic interest (Boyd & Sheldrake, 1998; Hudlicky et al., 1999) . Generally, de-aromatization reactions are chemically difficult due to the stability of the aromatic system. The enzyme-catalysed dioxygenation, however, is carried out under mild conditions, although it uses molecular dioxygen as oxidizing agent (Kobayashi et al., 1964) . The conversion of the aromatic nucleus into a ring possessing vicinal hydroxy groups as well as a conjugated diene substructure ( Fig. 1 ) yields a dienediol (DD) molecule (often termed a dihydrodiol), which represents a versatile chiral building block, as it is able to undergo a variety of different follow-up reactions (Hudlicky et al., 1999) .
The micro-organisms harbouring ARHDOs were typically discovered and isolated based on their abilities to use a given aromatic compound as sole source of carbon and energy. Thus, the ARHDOs were, for example, termed toluene or biphenyl or naphthalene dioxygenases, if their host was a toluene-, biphenyl-or naphthalene-degrading strain. This categorization was usually supported by relatively rapid turnover of the respective substrate and by a corresponding clustering upon alignment of the dioxygenase sequences (Chakraborty et al., 2012; Gibson & Parales, 2000; Nam et al., 2001) . Several studies have shown, however, that these enzymes can possess a fairly relaxed substrate specificity (Boyd & Bugg, 2006; Hudlicky et al., 1999) . To extend these studies, we sought to systematically characterize and compare the abilities of two powerful biphenyl dioxygenases, the biphenyl-2,3 dioxygenase (BphA) enzyme of Burkholderia xenovorans LB400 (Bopp, 1986; Haddock et al., 1993 Haddock et al., , 1995 Mondello, 1989; Seeger et al., 1995a Seeger et al., , 1999 ) and a hybrid enzyme, based on a dioxygenase from Pseudomonas sp. B4-Magdeburg (BphA-B4h) (Cámara et al., 2007; , with respect to the transformation of a collection of aromatic compounds with steric requirements that gradually deviate from those of biphenyl. This revealed relatively broad, but partly complementary substrate ranges for the two enzymes.
These data prompted us to examine if the respective compounds would support growth of the two dioxygenase source strains. As a consequence of the results obtained, we examined if the dioxygenated compounds were further metabolized by the BphBCD enzymes (BphB, biphenyl-2,3-dihydro-2,3-diol dehydrogenase; BphC, biphenyl-2,3-diol-1,2 dioxygenase; BphD, 2-hydroxy-6-oxo-6-phenylhexadienoate hydrolase) of the biphenyl catabolic pathway.
METHODS
Chemicals. Compounds used as substrates were of the highest purity available. Isopentylbenzene, cyclohexylbenzene, biphenyl, diphenylmethane, 1,2-diphenylethane (bibenzyl), cis-and trans-stilbene, diphenylacetylene and biphenylene (96-99 %) were obtained from Sigma-Aldrich, Fluka or Merck. Cyclohexylcarboxylic, benzoic, phenylacetic, phenylpropionic, trans-cinnamic and phenylpropiolic acids (99 %) were obtained from Sigma-Aldrich.
Plasmid construction. Plasmid pAIA20 efficiently expressing the bphB gene of B. xenovorans LB400 from a phage T7 promoter was constructed by deletion of major parts of the bphC gene of pDD372 (Hofer et al., 1993) by digestion with EagI and recircularization, following standard methods (Sambrook & Russel, 2001 ).
Bacterial strains, plasmids and culture conditions. The Escherichia coli strains used in this study were all derivatives of the host BL21(DE3) [pLysS] (Studier, 1991) . They harboured one of the following plasmids that are based on the phage T7 expression vector pT7-6. pAIA111 carries bphA1A2A3A4 (collectively referred to as bphA) of B. xenovorans LB400 (McKay et al., 1997) . pAIA1104 (Cámara et al., 2007) is a derivative of pAIA111 that contains bphA1(B4h), a bphA1 gene that is a fusion of the bphA1 genes of B. xenovorans LB400 and Pseudomonas sp. B4-Magdeburg. pAIA20 (construction described above) carries the bphB gene of strain LB400. pDD372 (Hofer et al., 1993) contains genes bphBC of strain LB400. pAIA6100 harbours bphABC of strain LB400. pAIA6104 ) is identical to pAIA6100 except that it contains bphA1(B4h) instead of bphA1 of strain LB400. pAIA51 (Zielinski et al., 2006) carries gene bphD of strain LB400. The E. coli strains were grown in Luria-Bertani (LB) medium (Sambrook & Russell, 2001 ) at 37 uC, unless otherwise indicated. Chloramphenicol and ampicillin at concentrations of 25 and 150 mg ml
21
, respectively, were used for selection. In growth experiments with B. xenovorans LB400 and Pseudomonas sp. B4-Magdeburg, strains were incubated in M9 medium (Sambrook & Russell, 2001 ) supplemented with trace elements solutions A (1.25 ml l 21 ), B and C (0.625 ml each per litre) and 1 or 3 mM of the potential carbon source. The trace elements solutions (Agulló et al., 2007) and 5.13 ml 37 % HCl per 100 ml; solution B: 1 M MgSO 4 ; and solution C: 36 mM FeSO 4 . At multiple time points, aliquots were withdrawn to monitor turbudity at 600 nm and to determine the number of c.f.u. on LB agar plates (Sambrook & Russell, 2001) . Three independent measurements were carried out.
Preparation of resting cells. Preparation of resting cells was carried out as previously described (Seeger et al., 1995b) with some modifications. Cells of E. coli BL21(DE3) [pLysS] harbouring the respective bph-containing plasmid were grown in LB medium at 30 uC. At an OD 600 of 0.9-1.0, 0.4 mM isopropyl-b-D-thiogalactopyranoside was added, and the incubation was continued for 14 h. Cells were harvested, washed with one volume of 50 mM sodium phosphate buffer Fig. 1 . Prototype dioxygenation product. The metabolite may be termed dihydrodiol or dienediol. In the example shown, it was derived from a benzene ring with a single substituent (R). Hydroxy groups are typically attached at ortho and meta carbons, thereby creating two new stereocentres. The new substituents are always attached in a cis configuration, typically with 2R,3S stereochemistry. The two conformers of this configuration are depicted.
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On: Mon, 14 Jan 2019 12:20:34 (pH 7.5), resuspended in the same buffer and supplemented with glucose to 0.2 % (w/v) to give the concentrations specified below.
Analytical transformations of aromatic compounds by BphA-LB400 or BphA-B4h. A solution of the substrate was added to an Erlenmeyer flask to give a final nominal concentration of 0.25 mM. The solvent was evaporated. Resting cell suspensions (OD 600 of 2.0) of E. coli BL21(DE3) [pLysS] harbouring either pAIA111 or pAIA1104 were added and incubated with a single compound on a gyratory shaker at 30 uC for up to 24 h. At multiple time points, aliquots were withdrawn, and cells were removed by centifugation at 12000 g for 3 min. Supernatants were analysed immediately by HPLC or stored at 220 uC. Dioxygenation rates were determined from the initial, linear parts of the time course of product formation (three repetitions).
Analytical transformations of DDs by BphB-LB400. Resting cell supernatants of DD generations were mixed with resting cell suspensions of E. coli BL21(DE3) [pLysS] harbouring pAIA20 to give a final cell density of 2.0 OD 600 units and were incubated as described for BphAs. Aliquots were withdrawn and treated as described for BphA transformations.
Analytical transformations of DDs by BphBC-LB400. These experiments were carried out as described for BphB except that the E. coli strain harboured pDD372 instead of pAIA20.
Analytical transformations of extradiol ring-cleavage products (ERCPs) by BphD-LB400. Resting cell supernatants of ERCP formations were mixed with equal volumes of resting cell suspensions of E. coli BL21(DE3) [pLysS] harbouring pAIA51 to give a final cell density of 2.0 OD 600 units and incubated as described above. Aliquots were withdrawn and treated as described for BphA transformations.
Analytical transformations of aromatic compounds by BphA-LB400 or BphA-B4h and BphBCD-LB400. Resting cell suspensions of E. coli BL21(DE3) [pLysS] harbouring either pAIA6100 or pAIA6104 (final OD 600 of 2.0), respectively, and of the same host harbouring pAIA51 (final OD 600 of 2.0) were mixed and incubated with aromatic compounds at a nominal concentration of 0.25 mM as described above. Aliquots were withdrawn and treated as described for BphA transformations.
Preparative transformations of aromatic compounds by BphA-LB400 or BphA-B4h. Transformations were carried out under varying conditions. In the following, typical parameters are given and their ranges are indicated in parentheses. Substrates at final nominal concentrations of 2 (0.25-5) mM were incubated with resting cell suspensions at 5.0 (2.0-6.0) OD 600 units in a volume of 500 (40-500) ml for up to 24 h. Reaction progress was monitored by HPLC (see below) and incubations were terminated when maximal DD concentrations were reached.
Purification of dioxygenation products. Products were extracted three times from resting cell supernatants with 0.5-1 volume of ethylacetate after saturation of the aqueous phase with sodium sulphate decahydrate. In some cases, these solutions were used directly for analysis. In other cases, extracts were passed through a 0.45 mm Minisart RC25 filter (Sartorius) and were further purified by chromatography on a Gemini C 18 10 mm column (10|250 mm), protected by a C 18 Security Guard cartridge (10|10 mm) (Phenomenex). Elution conditions of the different products were as follows: isocratic conditions, with the percentage of aqueous methanol given in parentheses, were applied for the DDs derived from biphenyl (20 %, v/v) and diphenylmethane (60 %, v/v) . Linear gradients of aqueous methanol with an increase of 0-50 % (v/v) in 50 min or 5-70 % (v/v) in 65 min, respectively, were applied for bibenzyl-and cis-stilbene-DD, respectively.
Preparation and purification of the biphenyl ERCP. Biphenyl (5 mM) was converted into its ERCP by incubation with a resting suspension of E. coli BL21(DE3) [pLysS] habouring pAIA6104 (10 OD 600 units) for 6 h at 30 uC. The supernatant was passed through a C 18 cartouche (no. 7020-06; J. T. Baker). The bound metabolite was eluted with methanol and further purified on the above-mentioned Gemini C 18 column with a linear gradient of aqueous methanol [0-60 % (v/v) in 60 min] acidified with 0.085 % (v/v) phosphoric acid.
UV/vis spectroscopy. Spectra were recorded with a UV-2401 PC spectrophotometer (Shimadzu).
Analytical HPLC. These analyses were done with an SC Lichrosphere 100 RP8 5 mm column (4.6|125 mm; Bischoff) connected to a diode array detector. Elution was done isocratically with aqueous methanol at the following concentrations: DDs, 50 % (v/v) or 60 % (v/v); catechols, ERCPs and other carboxylic acids, 50 % (v/v). In the latter two cases, eluents were acidified with 0.085 % (v/v) phosphoric acid.
LC-MS analyses. Analyses were carried out with an ESI-TOF-MS (amaZon SL; Bruker) and an Agilent 1200 series DAD-UV HPLC system [column 2.0|50 mm; 5 mm, C 18 Gemini (Phenomenex); solvent A: 0.05 % (v/v) acetic acid and 10 mM trifluoroacetic acid in water; solvent B: 0.05 % (v/v) acetic acid and 10 mM trifluoroacetic acid in acetonitrile; gradient: 5 % B increasing to 80 % B in 17 min, increasing to 95 % B in 2 min; flow rate50.4 ml min 21 ; UV detection at 190-600 nm]. Samples were adjusted to 50 mM trifluoroacetic acid before injection.
LC-high-resolution mass spectrometry (LC-HRMS) analyses.
These analyses were done with an ESI-TOF-MS (electrospray ionization time-of-flight MS) (Maxis; Bruker) and an Agilent 1200 series DAD-UV HPLC system [column: 2.1|50 mm; 1.7 mm, C 18 Acquity UPLC BEH (Waters); solvent A: 0.1 % (v/v) formic acid in water; solvent B: 0.1 % (v/v) formic acid in acetonitrile; gradient: 5 % B for 0.5 min, increasing to 100 % B in 19.5 min, maintained at 100 % B for 5 min; flow rate50.6 ml min 21 ; UV detection at 200-500 nm].
GC-MS analyses. Dioxygenation products extracted with ethylacetate were converted to trimethylsilyl derivatives as previously described (Seeger et al., 2001 ) and were analysed as described by Cámara et al.
.
HRMS analyses. The purified products were characterized by ESI-MS analysis, using an LTQ Orbitrap Velos mass spectrometer (Thermo Scientific) equipped with a nanospray ion source. A sample was dried, dissolved in methanol/water (2 : 1, v/v) to a concentration of about 10 pmol ml 21 , and transferred to gold-coated nanospray needles. Spectra were recorded in the positive ion mode at a resolution of 100 000 and compared with simulated spectra generated by the Xcalibur software (Thermo Scientific).
NMR analyses. Analyses were carried out either with aliquots of extracts, dissolved in deuterated acetone, or with purified products, dissolved in deuterated methanol or water, respectively. 1D and 2D [correlation spectroscopy (COSY)] 1 H NMR spectra were recorded at 300 K on Bruker DPX-300 and DMX-600 NMR spectrometers.
Structural modelling. Structural modelling of the large subunit of BphA-B4h was done with SWISS-MODEL version 8.05 (swissmodel. expasy.org/workspace) (Arnold et al., 2006) in the automated mode, using X-ray crystallographic structures of the large subunit of BphA-LB400 in its free and biphenyl-bound form (PDB codes 2xr8 and 2xrx) as templates.
Ligand docking. Docking of potential substrates, obtained from the ZINC database (zinc.docking.org/) (Irwin et al., 2012) , was carried out on the entire large BphA subunits of the experimen-tally determined structures and the generated models (see 'Structural modelling'), respectively, using SwissDock (www. swissdock.ch/docking) (Grosdidier et al., 2007 (Grosdidier et al., , 2011 with the following parameters: docking type 'accurate' and side chain flexibility of 0 Å .
RESULTS AND DISCUSSION
Transformation of sterically different aromatics by BphA-LB400 or BphA-B4h
A selection of eight aromatic compounds that, compared with biphenyl, pose different steric requirements (Fig. 2) were examined for turnover by the ARHDOs BphA-LB400 or BphA-B4h, respectively. The latter, a hybrid dioxygenase, is identical to the LB400 enzyme ('recipient dioxygenase') except for a segment of about 210 aa in the core part of the large subunit, which originates from a dioxygenase of the biphenyl degrader Pseudomonas sp. B4-Magdeburg ('donor dioxygenase'). This region harbours the active site. It has been shown that replacement of this segment can significantly change the substrate and product range of the recipient dioxygenase (Cámara et al., 2007; Standfuß-Gabisch et al., 2012) to values that are close to those of the donor enzyme (Zielinski et al., 2002) .
Two of the assayed compounds contain aliphatic moieties in place of one of the biphenyl aromatic rings. Others possess spacers of different lengths and stereochemistry between the two phenyl moieties. In biphenylene the two rings are linked by two adjacent bonds, which leads to formation of an additional central planar cyclobutadiene ring (Fawcett & Trotter, 1966) . These experiments were carrried out with whole cells of recombinant E. coli strains that efficiently synthesized the respective dioxygenases. It had previously been shown that virtually identical levels of both enzymes are present in these cells . Biphenyl was used as a reference substrate.
Analyses of supernatants by HPLC indicated that both enzymes catalysed dioxygenations of almost all of these compounds. Both ARHDOs appeared to form the same products (Table 1) . However, major differences were observed in rates and yields (see below). The metabolites were further characterized by MS and NMR spectrometry. These analyses were done either with relatively pure ethylacetate extracts of resting cell supernatants or after additional chromatographic purification of such extracts. Molecular masses (Tables 2 and 3 ) were in agreement with the formation of DDs. 1D and 2D (COSY) proton resonance spectra (Table 4) confirmed these results and also showed that, with the exception of biphenylene, the hydroxy groups were attached with the typical regiospecificity, i.e. at ortho and meta carbons (Fig. 1) . DDs of the same regiospecificity have been reported for cyclohexylbenzene and diphenylmethane, formed by a recombinant strain that synthesized the toluene dioxygenase from Pseudomonas putida F1 (Bui et al., 2001) , for diphenylmethane, formed by purified dioxygenases of strain LB400 and of Pandoraea pnomenusa B356 (Pham & Sylvestre, 2013) , for cis-stilbene, formed by the mutant TTC1 of the naphthalene degrader Pseudomonas fluorescens N3 (Di Gennaro et al., 1997) , and for diphenylacetylene, formed by Pseudomonas sp. strain 73-4 (Grund, 1995) . These products have been characterized to different extents. NMR data have been presented for the DDs of cyclohexylbenzene and diphenylmethane. They appear to be consistent with our results; however, no assignments for the observed signals were given in the previous report (Bui et al., 2001) . For the DD of diphenylacetylene, the only analytical data given were the electronic absorption spectrum (Grund, 1995) . The product of cis-stilbene was described as highly unstable, and only a resulting phenol was described without disclosure of analytical details (Di Gennaro et al., 1997) .
Biphenylene represents a special case, being by far the most rigid of all compounds examined. This is due to the two vicinal bonds linking the benzene rings, which lead to a totally inflexible planar molecule. In this case both enzymes carried out an angular attack at carbons 1 and 1a (Fig. 2) instead of the typical lateral attack, thereby yielding a monohydrodiol (Table 4 ). Angular hydroxylation of biphenylene was previously described for the toluene dioxygenase of Pseudomonas putida UV4 (Boyd et al., 1991, H. Overwin and others 1997) and for the carbazole dioxygenase of Pseudomonas sp. strain C250 (Resnick et al., 1995) . For the ARHDOs examined here, angular dioxygenation has previously been observed for BphA-LB400 with dibenzodioxin as substrate, where the major product formed resulted from this type of attack (Seeger et al., 2001 ).
Apparent relative rates for the dioxygenation of each substrate are depicted in Fig. 3 . As can be seen, BphA-B4h showed the higher conversion rates in eight of nine cases. Only with biphenylene, where the attack was angular, was BphA-LB400 superior to the hybrid. The best substrates for BphA-B4h were biphenyl and diphenylacetylene, whereas biphenyl and biphenylene were the best substrates for BphA-LB400. Greatly different turnover rates were found for diphenylacetylene (38 times higher for BphA-B4h) and biphenylene (almost nine times higher for BphA-LB400). Also the preference for the stilbene isomers differed between the two dioxygenases. Thus, cis-stilbene was more rapidly dioxygenated by BphA-B4h than the trans isomer, while BphA-LB400 only attacked the latter. However, BphA-B4h still dioxygenated the trans isomer more rapidly than the LB400 enzyme. The rate differences between the enzymes observed for a given substrate may even be larger if parameters other than enzyme activity, such as aqueous solubility of the substrate and/or its import into the cell, are rate-limiting. A correlation with experimental data on aqueous solubility is difficult, as they appear to be available only for some of the substrates used and often show large differences (Huibers & Katritzky, 1998 ; Royal Society of Chemistry, 2015). Our comparison experiments, in which the enzyme is the only variable, show, however, that at least the lower rate for a given substrate was definitely determined by the individual enzyme activity.
As crystal structures for BphA-LB400 have been determined (Kumar et al., 2011) , we generated homology models of the large subunit of the BphA-B4h structure. The LB400 and B4h subunits deviate from each other in only 24 aa residues within the exchanged segment , which harbours the active site. Some of these deviations are likely to be responsible for the differences in substrate acceptance. Three residues (LB400 positions 237, 255 and 258) are part of the active site entrance and have been suggested to affect substrate preference (Colbert et al., 2013 We carried out dockings with the nine substrates of the current study to find structural rationales for the rate differences observed between the two enzymes. For all substrates, with two exceptions (see below), high-ranking dockings were found with both enzymes that showed only very small differences from one another and from the position of the biphenyl determined in the crystal structure. These results correctly predicted hydroxylations at carbons 2 and 3. However, they failed to explain the rate differences between the enzymes (data not shown). For cis-stilbene no docking to the active site was found with BphA-LB400 and only a single high-ranking docking was found with BphA-B4h, but which to some extent would interfere with binding of the dioxygen. So here a rough correlation was found with the experimental results. For biphenylene the most favourable docking found with BphA-LB400 should lead to efficient hydroxylations at carbons 1 and 1a, as observed. For BphA-B4h, however, the calculations predicted excellent biphenylene dockings in positions that should result in 1,2-dihydroxylation, which was not observed. Taken together, these results indicate that, with the algorithms and parameters used, the dockings in most cases were able to predict if and at which carbons dioxygenations would occur. However, they typically failed to rationalize rate differences. This could be due to changes in the active site structure that are induced by substrate binding and are not taken into account in the calculations. Moreover, it should be kept in mind that all docking programs work with simplifications in order to significantly reduce calculation times.
According to a search in the SciFinder database (Chemical Abstracts Services, 2015), five of the dioxygenation products reported in this work either are novel compounds (DDs derived from isopentylbenzene, bibenzyl and trans-stilbene) or have for the first time unambiguously been identified (DDs derived from cis-stilbene and diphenylacetylene).
Growth assays with aromatic compounds
All aromatic substrates that underwent lateral dioxygenation at carbons 2 and 3 were assayed as growth substrates for the two BphA source strains, B. xenovorans LB400 and Pseudomonas sp. strain B4-Magdeburg (Table 5) . Both bacteria were able to grow on compounds 1-4, where strain B4-Magdeburg grew better than strain LB400. Additionally, only the Pseudomonas strain showed growth on bibenzyl and, very slowly, on diphenylacetylene. These observations qualitatively agree with better dioxygenation rates of the respective compounds by BphA-B4h. Of course, an influence of other enzymes involved in the utilization of these substrates cannot be excluded. The growth results may indicate that a further metabolism through the BphABCD catabolic pathway, thought to have evolved for the degradation of biphenyl (cf. Fig. 4 ), beyond the DD stage is possible for at least some of these compounds. A potential further degradation of our collection of dioxygenated aromatics by Bph enzymes was investigated with appropriate recombinant strains expressing different parts of the LB400 pathway.
Rearomatization of the 2,3-hydroxylated DDs by dehydrogenase BphB
The DDs obtained as described above were incubated with recombinant E. coli cells synthesizing the dehydrogenase BphB from strain LB400. This enzyme catalyses abstraction of the hydrogens at the hydroxylated carbons and thereby converts a DD into a catechol (compound 3 in Fig. 4) . In most cases, the DDs were rapidly and completely converted. With the two substrates possessing aliphatic side chains, derived from isopentylbenzene and cyclohexylbenzene, reactions were slower and plateaus were reached before complete depletion of the DDs, which may be due to inhibitory effects exerted by the catechols formed. This interpretation is supported by the finding that incomplete depletion of these DDs was not observed when the subsequent pathway enzyme, the extradiol dioxygenase BphC, was also present and prevented the accumulation of these catechols (see following section). In all cases, the products obtained showed the expected increase in retention time by the reversed phase column as well as the expected blue shift of the electronic absorption maxima. LC-HRMS analyses confirmed formation of the respective catechols. Table 6 summarizes analytical data of the DDs and their products in these conversions. Additional evidence for catechol formation was obtained by their consumption in the presence of the catechol-cleaving dioxygenase BphC, as shown in the next section. Ring cleavage of the 2,3-hydroxylated catechols by dioxygenase BphC
BphC is an extradiol dioxygenase that uses a dioxygen molecule to catalyse cleavage of the aromatic ring by addition of both oxygen atoms to yield a 6-substituted 2-hydroxy-6-oxo-2,4-dienoic acid (compound 4 in Fig. 4 ). By analogy with the BphB transformations, we examined formation of ERCPs by incubation of the DDs with cells synthesizing both BphB and BphC.
Long-wavelength absorption maxima that are typical for the enol tautomers of ERCPs rapidly appeared in the supernatants of all incubations (Table 7) . As expected, the wavelengths of all maxima were significantly larger for ERCPs with a more extended system of conjugated double bonds. An instability was observed for the ERCPs of biphenyl, trans-stilbene and diphenylacetylene that manifested itself in blue shifts of the absorption maxima. Additionally, all absorption values decreased significantly overnight, indicating a general chemical or metabolic instability of the ERCPs.
HPLC analysis showed rapid and complete disappearance of all substrates. A transient catechol accumulation was only observed for biphenyl. Otherwise, newly identified peaks showed significantly smaller retention times than the cat-echols and presumably represent the ERCPs (Table 7) . However, the wavelengths of their absorption maxima were about 70-100 nm smaller than the values determined directly in the supernatants. This may be due to shifts of their tautomeric equilibria to the keto forms.
To clarify this point, we isolated the biphenyl ERCP via preparative HPLC. After removal of the methanol from the eluent, the pooled peak fractions, at a pH of 6.9, indeed showed a l max of 348 nm that, upon titration to pH 8.0, was shifted to the well-known value of 434 nm. The correct assignments of the ERCP HPLC peaks were further corroborated by similar time courses of formation of the absorption maxima monitored in the supernatants and of the HPLC peak areas, by LC-MS data (Table 7) and by the kinetics of ERCP hydrolysis by BphD (see next section).
In the catabolism of biphenyl, BphC of strain LB400 forms an ERCP if the catecholic precursor is hydroxylated at ortho and meta positions, but not when hydroxylated at meta and para carbons . Therefore, ERCP formation from the BP analogues examined in this study suggests the same regiospecificity in the initial dioxygenation, in complete agreement with the NMR data of the DDs.
Fission of ring cleavage products by hydrolase BphD
BphD catalyses a hydrolysis of ERCPs that leads to 2-hydroxypenta-2,4-dienoic acid plus a substrate-specific acid, benzoic acid in the case of biphenyl (compounds 5a and 5b in Fig. 4 ). The conversion of pathway intermediates by BphD was examined in two different ways. First, resting cell supernatants containing the ERCPs were mixed with cells containing BphD, and ERCP depletion was monitored photometrically and by HPLC. Secondly, the aromatic substrates were incubated with cells expressing the entire BphABCD pathway, either with the LB400 or with the B4h initial dioxygenase, respectively, and formation of the substrate-specific BphD-generated acids was quantified by HPLC with the aid of appropriate authentic references.
Photometric and HPLC analyses of the supernatants of the first experimental set-up showed that all ERCPs rapidly disappeared except for the metabolite from diphenylacetylene, which showed slower, yet complete, turnover.
In the second experimental set-up, metabolism of the aromatic substrates through the entire pathway should yield a specific acid from each substrate. Authentic references were available except for isopentyl carboxylic and cis-cinnamic acid. Analyses by HPLC (Table 8) and LC-MS data (not shown) indicated that, except for cis-stilbene, the aromatic compounds were metabolized by all four LB400 enzymes. There was no simple correlation between the significantly differing yields of the final pathway metabolites and the rate of substrate turnover by BphA. When BphA-B4h replaced BphA-LB400, the yields for phenylacetic, trans-cinnamic and particularly phenylpropiolic acids (Table 8) were significantly increased. These differences were all in agreement with a better dioxygenation of the respective substrates.
In contrast to the transformations involving BphA-LB400, now a small amount of cis-cinnamic acid (identified by its l max and mass) was also found. Pham & Sylvestre (2013) examined growth on and metabolism of diphenylmethane by Pan. pnomenusa B356, which also harbours a bphABCD gene cluster, and, in accordance with the above-mentioned results, found formation of phenylacetic acid and, probably, also of its extradiol cleavage precursor. These results corroborate that metabolism through this pathway is responsible for, or at least contributes to, strain growth on diphenylmethane. second aromatic ring has been replaced by aliphatic as well as aliphatic/aromatic moieties, reflecting a variety of steric requirements. However, large differences in substrate turnover were observed between the eight compounds as well as between the two BphAs. With most of the compounds assayed, the (hybrid) enzyme from Pseudomonas sp. B4-Magdeburg proved to be an even more powerful catalyst than its LB400 counterpart. This agrees with previous investigations with polychlorinated biphenyls as substrates (Cámara et al., 2007) . Docking calculations in most cases were able to predict if and at which carbons hydroxylations would occur. However, they typically failed to rationalize rate differences. The observed growth of both BphA source strains on some or most, respectively, of the aromatic substrates suggested a further metabolism of the ortho-and meta-dioxygenated products by the subsequent pathway enzymes. It was shown for the prototype 'biphenyl-specific' pathway of strain LB400 that the DD dehydrogenase, the extradiol dioxygenase and the dienoate hydrolase are able to further transform the products formed by the initial dioxygenases. However, transformation of the biphenyl analogues through the complete pathway showed large quantitative differences that only sometimes correlated with the initial turnover of the substrates by the ARHDOs. This agrees with the findings that, in some cases, rate differences were observed for conversions by the subsequent enzymes. The most prominent example is the very slow turnover of the ERCP from diphenylacetylene. Also, in other cases, particular hydrolases from catabolic pathways for aromatic compounds have been shown to constitute metabolic bottlenecks (Furukawa et al., 1993; Seah et al., 1998 Seah et al., , 2000 Yamada et al., 1998) . Moreover, it is well known that, depending on the accumulation of pathway intermediates, particularly catechols, complex inhibition phenomena can occur (Cámara et al., 2007; Kitagawa et al., 2001; Spain et al., 2003) , which would additionally modulate metabolic flow through the pathway. Whatever the explanations, our current results further question the view that the biphenyl catabolic pathway primarily evolved to degrade this substrate (Pham & Sylvestre, 2013) .
CONCLUDING REMARKS

